Focal adhesion turnover is a complex process required for cell migration. We have previously shown that the Ste20-like kinase (SLK) is required for cell migration and efficient focal adhesion (FA) turnover in a FA kinase (FAK)-dependent manner. However, the role of SLK in this process remains unclear. Using a candidate substrate approach, we show that SLK phosphorylates the adhesion adapter protein paxillin on serine 250. Serine 250 phosphorylation is required for paxillin redistribution and cell motility. Mutation of paxillin serine 250 prevents its phosphorylation by SLK in vitro and results in impaired migration in vivo as evidenced by an accumulation of phospho-FAK-Tyr397 and altered FA turnover rates. Together, our data suggest that SLK phosphorylation of paxillin on serine 250 is required for FAK-dependent FA dynamics.
INTRODUCTION
Cell migration is a complex, multi-step process that is essential for embryonic development, inflammatory response, wound repair, tumorigenesis and metastasis. 1 The integrin family of transmembrane proteins initiates this process by binding extracellular matrix ligands, such as fibronectin and vitronectin, catalyzing the formation of multiprotein complexes known as focal adhesions (FAs). [2] [3] [4] [5] Cycles of attachment at the cell front, release at the rear and traction in between, are mediated by these adhesion complexes and are required to generate the force necessary for translocation in a specific direction. 6, 7 At the molecular level, adhesions are a dynamic assembly of cytoplasmic proteins whose composition varies over time to include differential proportions of FA kinase (FAK), Src, vinculin, paxillin and zyxin. [7] [8] [9] [10] [11] [12] As an integrin-interacting unit, these proteins transduce the nature of the extracellular environment throughout the cell by initiating a number of downstream signaling cascades that ultimately feedback onto the adhesions themselves, regulating the rate at which they turnover. 2, 5 Consequently, adhesion turnover represents a critical rate-limiting step in the acquisition of a migratory phenotype.
Although the molecular mechanisms involved in the assembly of FAs are well documented, the same cannot be said about their dissolution. However, the destabilization of FAs appears to be mediated in part, by the microtubule network. It is believed that microtubule targeting of FAs delivers a 'destabilizing' signal to nascent adhesions at the leading edge, as well as mature adhesions at the rear of the cell. [12] [13] [14] We have previously shown that the Ste20-like kinase (SLK) is a microtubule-associated protein that can be activated during cell migration in a FAK-dependent manner. 15, 16 Specifically, SLK, a serine/threonine kinase that is ubiquitously expressed in adult tissues and cell lines, has been shown to coimmunoprecipitate with tubulin and localize with polymerized microtubules during normal adhesion and spreading. 15 Interestingly, SLK overexpression has also been shown to disrupt the organization of actin stress fibers and the stability of FAs. 17 Recently, we have demonstrated that SLK activation, through FAK signaling, is required for microtubule-dependent FA turnover and cell migration. 16, 18 Although this is consistent with a role for SLK in FA disassembly, the precise mechanisms by which SLK affects adhesion turnover has yet to be elucidated.
Here we provide evidence that SLK mediates adhesion turnover through the phosphorylation of the FA protein, paxillin. 19 Defined by an amino-terminal LD (leucine, aspartic acid repeats) and carboxy-terminal LIM (lin-11/Isl1/mec3) domain, respectively, paxillin is a 68-kDa multi-domain adapter protein that localizes predominantly to FAs. 19 Interestingly, the phosphorylation status of paxillin has been implicated in the regulation of adhesion formation, disassembly and signaling. 19, 20 Accordingly, our results show that phosphorylation of paxillin within the LD3 domain (serine 250) by SLK is required for FAK-dependent FA turnover and efficient cell migration.
RESULTS

SLK phosphorylates paxillin on Serine 250 in vitro
We have previously shown that SLK is required for efficient FA turnover. 17 Supporting a role for SLK in cytoskeletal dynamics and cell migration, confocal microscopy studies show that SLK can be colocalized with paxillin in membrane ruffles and at the leading edge of migrating cells (Figure 1 ). Moreover, SLK can also be colocalized with the microtubule network at the leading edge ( Figure 1) . We have previously shown that SLK can be colocalized with Rac1 in membrane ruffles. 16, 17 Supporting this, SLK was never found to colocalize with paxillin in FAs, suggesting that SLKmediated turnover is independent of FA targeting (Figure 1b) . FAK and paxillin have been shown to be required for adhesion turnover. 21 Similarly, serine/threonine phosphorylation has been shown to regulate adhesion dynamics in migrating cells. the possibility that FAK and paxillin could be phosphorylated by SLK in vitro. Endogenous SLK was immunoprecipitated from scratch-wounded monolayers of MEF-3T3 22 and incubated with full-length purified recombinant glutathione-S-transferase (GST) paxillin or GST FAK (not shown) protein in the presence of [ 32 P]-g-ATP. Subsequent SDS-PAGE and autoradiography show that SLK phosphorylates human paxillin in vitro (Figure 2a) . FAK was not phosphorylated by SLK under these conditions (data not shown).
The use of endogenous SLK from scratch-wounded MEF-3T3 cells as the source of active SLK raises the possibility that paxillin phosphorylation may be due to the activity of an associated kinase. To test this, wild-type hemaglutinin (HA)-tagged SLK (HA-SLK) and kinase-dead (HA-K63R) SLK were transiently transfected into 293 cells and immunoprecipitated using anti-HA (12CA5) antibodies. Immune complexes were then subjected to in vitro kinase assays using recombinant GST paxillin. As seen in Figure 2b , GST-paxillin phosphorylation can be observed in the presence of wild-type HA-SLK but not with the kinase-inactive mutant HA-K63R, suggesting that SLK-mediated phosphorylation of GST paxillin is not due to other kinase activities coimmunoprecipitating with SLK, and activation by scratch wounding may not be required. Albeit unlikely, it is possible that an associated kinase can only be coprecipitated with active SLK. Phosphoamino acid analysis of the radioactively labeled GST paxillin revealed that SLK exclusively phosphorylates paxillin on serine residues (Figure 2c ). Perhaps because of a low efficiency of phosphorylation in vitro, multiple rounds of mass spectrometry failed to identify a site of phosphorylation in GST paxillin. Therefore, the critical region was narrowed down using deletion constructs. Subsequent in vitro kinase assays showed SLK to phosphorylate the amino-terminal LD domain of paxillin, exclusively, and further in vitro kinase assays using three amino-terminal deletions of paxillin showed that SLK phosphorylates paxillin within its LD3 domain, specifically, within a region of 20 amino acids encompassing serine residues S243, S244 and S250 (Supplementary Figure 1) .
To test and identify the SLK phosphorylation site, each of the candidate serine residue within this 20 amino-acid stretch were mutated to a non-phosphorylatable glycine or alanine residue (S243G, S244G or S250A). Paxillin point mutants were then subjected to an in vitro kinase assay using SLK immunoprecipitated from scratch-wounded MEF-3T3. Interestingly, all three phospho-inactivating mutations resulted in a complete loss of paxillin phosphorylation (Figure 3a ), suggesting that some or all of these sites are important for SLK-mediated paxillin phosphorylation. Alternatively, those sites are critical to maintain paxillin in the proper conformation. To rule out possible effects of the point mutations on conformation, each serine was mutated to a conserved threonine residue. Although the phosphorylation of the S243T, S244T and double S243/244T mutants is still observed, the paxillin S250T mutant can no longer be phosphorylated by SLK in vitro, suggesting that SLK phosphorylates paxillin exclusively on serine 250 (Figure 3b ). Phosphoamino acid analysis confirmed that no threonine phosphorylation was observed in the S250T mutant, suggesting that it cannot substitute for a serine residue in the SLK recognition site (Figure 3c ). Furthermore, these results suggest that S243 and S244 may also be critical for substrate recognition and that a threonine substitution may preserve any hydroxyl group requirement for proper paxillin conformation.
Paxillin serine 250 is phosphorylated in vivo To investigate whether paxillin is phosphorylated in vivo on serine 250, we generated an anti-phospho serine 250 antibody. Antipaxillin pS250 antibodies were raised against a murine paxillin phosphopeptide corresponding to amino acids 244-255 (CSPQRVTpSSQQQT) and peptide affinity purified. Anti-pPxnS250 immunoblotting shows a single reactive species at the predicted paxillin molecular weight in wild-type fibroblasts. However, in paxillin-null cells, no reactivity was observed, suggesting that the pPxnS250 polyclonal is specific to paxillin (Figure 4a We have previously shown that SLK kinase activity is upregulated in scratch-wounded MEF-3T3 within 60 min ( Figure 5a ). 17 To survey the status of paxillin S250 phosphorylation during cell migration, confluent MEF-3T3 were scratch wounded and the levels of pPxnS250 were assessed by western blot. As shown in Figure 5a , the kinetics of pPxnS250 phosphorylation were strikingly similar to that of SLK activity, reaching a maximum at around 60 min post wounding. As SLK activity was increased from 3-to 5-fold, the increase in pPxnS250 levels was found to be 1.5-and 2.2-fold at the 30-and 60-min time points, respectively. Additionally, short hairpin-mediated knockdown of SLK in MEF-3T3 resulted in a marked decrease in pPxnS250. Interestingly, the levels of phospho-paxillin were reduced, whereas total paxillin was upregulated in the SLK-knockdown samples, suggesting that this modification may also regulate paxillin levels ( Figure 5b) . Surprisingly, the residual SLK expression appears to be sufficient to maintain a low level of paxillin phosphorylation. Although SLK may not be the only kinase phosphorylating paxillin S250 in vivo, these results suggest that it is an upstream effector. Alternatively, SLK may be required for the activity of another kinase implicated in paxillin phosphorylation. Combined with our in vitro data, these results support the notion that paxillin is a direct SLK target in vivo.
Interestingly, immunofluorescence studies show that both total and phospho-S250 paxillin can be localized to membrane ruffles. However, pPxnS250 can also be detected in FAs and along actin stress fibers (Figure 5c and Supplementary Figure 2) . In addition, a strong signal can be observed in the nucleus, suggesting that pPxnS250 may also have a nuclear-specific function.
Paxillin S250 phosphorylation is required for adhesion turnover and efficient cell migration Because paxillin-deficient cells have been observed to migrate at reduced rates, 23 we investigated whether expression of the S250T mutant could impair cell motility. To investigate the migratory capacity of the paxillin S250T mutant, MEF-3T3 stably overexpressing Myc-S250T (or a S250D phospho-mimic), Myc-paxillin or vector control were subjected to wound closure and haptotaxis assays on fibronectin-coated substrates. Although no significant differences in the rate of adhesion were observed (Supplementary Figure 3) , expression of the S250T mutant resulted in a two-fold decrease in migration when compared with wild-type paxillin (Figure 6a ). Interestingly, expression of a S250D mutant did not stimulate migration above wild-type paxillin, suggesting that the presence of a phosphoamino acid mimic cannot fully substitute for phosphorylation at S250. Similarly, a significant delay in wound closure was observed in S250T-expressing cells (Figure 6b ). Together, these data suggest that serine 250 phosphorylation is required for efficient cell migration.
Adhesion dynamics have a critical role in the regulation of cell migration. Furthermore, paxillin has been previously shown to be required for efficient FA turnover. 24 Therefore, we tested whether paxillin S250 phosphorylation was required for FA turnover. To investigate this, MEF-3T3 were transiently transfected with the green fluorescent protein (GFP)-fusion S250T or wild-type paxillin before plating onto a fibronectin-coated dish and live cell imaging. Interestingly, both GFP fusions localized to FAs, suggesting that the S250T mutation does not impair its localization to FAs. Area measurements of disassembling FAs revealed a five-fold decrease in the rate of adhesion turnover in cells expressing the paxillin S250T mutant when compared with the wild type ( Figure 7) . Specifically, adhesions were found to persist over a 9-min period in the GFP-paxillin S250T mutant, whereas cells expressing wild-type GFP paxillin exhibit signs of dissociation in o6 min. Together these results suggest that paxillin phosphorylation at serine 250 is required for adhesion turnover and cell motility.
Focal adhesion turnover has been correlated with decreased levels of phospho-FAK-Y397 immunoreactivity, whereas stable adhesions show persistent elevated levels. 8, 25 In addition, turnover has been correlated with increased FAK-Y925 phosphorylation. 19, 26 Nocodazole treatment has been shown to induce actin polymerization and stabilization of FAs. Wash out of the nocodazole induces the rapid turnover of the adhesions concomitant with decreased levels of pFAK-Y397. Further, supporting a role for S250 phosphorylation in adhesion turnover, nocodazole wash-out experiments show that microtubule repolymerization induces phosphorylation of paxillin S250 and FAK-Y925 within 15 and 30 min, respectively (Figure 8a ). This is also accompanied by a decrease in the size of the adhesions as evidenced by pFAK-Y397 staining (Figure 8b) . Interestingly, the phosphorylation of paxillin S250 precedes the appearance of pFAK-Y925.
Studies involving paxillin-null fibroblasts demonstrated that although paxillin is not absolutely necessary for the localization of FAK to FAs, their interaction is required for the complete activation of FAK. 25 -27 Therefore, we tested the effect of expressing the S250T mutant on the FAK activation status. Cells expressing the Myc-PaxillinS250T mutant displayed higher levels of phospho-FAK-Y397 but reduced FAK phosphorylation at tyrosine 925 when compared with wild-type Myc-paxillin (Figure 8c ). In addition, the paxillin S250T mutant can still be phosphorylated and activated on tyrosine 31, 28 further supporting the notion that the mutation does not affect its conformation. Similarly, a S250D mutant can still be phosphorylated on Tyr 31 (Supplementary Figure 4) . Together, these results suggest that microtubule-mediated adhesion turnover induces paxillin S250 phosphorylation required for further signaling and FA disassembly. 
DISCUSSION
Cell migration is a complex, multi-step process that requires a dynamic balance between FA assembly and disassembly that culminates in the reorganization of the cytoskeleton. 6, 28 Consistent with a role in migration, the SLK has been shown to affect actin remodeling and microtubule-dependent FA turnover. 15, 16 To gain insights into the role of SLK in FA turnover, we tested its ability to phosphorylate paxillin, a protein implicated in the regulation of adhesion turnover. Using in vitro kinase assays, we have shown that SLK can phosphorylate human paxillin within the LD3 domain on serine 250. Interestingly, there are no known binding partners or confirmed phosphorylation sites described for the LD3 domain, although S231 is a predicted ERK phosphorylation site. 19, 29 Phospho-mapping using IMAC-MALDI mass spectrometry failed to identify the SLK phosphorylation site within GST paxillin. One possibility is that the efficiency of the in vitro phosphorylation is quite low and the content of phosphorylated peptides is below the detection threshold. 30 Alternatively, this phosphoserine might be highly labile, further reducing the likelihood of detection within the sample. [31] [32] [33] Supporting this, comprehensive mass spectrometry of phosphorylated chicken paxillin failed to detect a previously validated JNK site at S178. 21, 34 As SLK can associate with the microtubule network, it is possible that it constitutes part of the microtubule-associated FA disassembly signal. 16, 17 Interestingly, our previous findings and the data presented here suggest that SLK cannot be localized to FAs, rather, it can colocalize with adhesion proteins in membrane ruffles, in close proximity to FAs. Here we find that, in addition to the nucleus, pPxnS250 can be localized to membrane ruffles, some adhesions and along the stress fibers. Interestingly, a small proportion of paxillin contained in FAs appears to be Figure 5 . Paxillin S250 phosphorylation occurs during cell migration. (a) MEF3T3 lysate from a scratch-wound time course were subjected to SLK IPs and in vitro kinase assays to evaluate SLK kinase activity. Lysates from the same scratch-wound time course was also assessed for paxillin phospho-S250 and total paxillin levels. (b) Subconfluent MEF3T3 monolayers were infected with AdshSLK, and cell lysates were collected 48 h post infection. The extracts were analyzed for SLK, pS250 and total paxillin levels. Knockdown of SLK results in a reduction of pPxnS250 levels. (c) Immunofluorescence staining of endogenous phospho-paxillin S250 and total paxillin in subconfluent MEF3T3 ( Â 630, scale bar 20 mm). Phospho-paxillin S250 predominantly localizes along the stress fibers and at adhesion complexes (arrowheads). As for SLK (Figure 1) , colocalization is also observed in membrane ruffles (arrow). All cells examined (nX200) displayed this staining pattern. phosphorylated on S250. The observation that the S250T or S250D mutations can still be recruited to FAK (Supplementary Figure 4) , can localize to FAs (Figure 7 ) and are phosphorylated on Tyr 31 suggests that they can still be recruited to the adhesion complexes. This also supports the notion that the threonine or aspartic acid mutation did not affect the conformation of paxillin as the S250A mutation.
As SLK is never found in mature FA, one possibility is that SLK is delivered by the microtubule network in proximity to FAs where it can phosphorylate paxillin. This phosphorylation then induces its recruitment to FAK-containing adhesion complexes, allowing for further signaling and turnover. Alternatively, SLK may phosphorylate tubulin-bound and/or free cytosolic paxillin at the membrane ruffle. 20, 25 This, in turn, facilitates its distribution to FAs through the association of pPxn250 with the actin stress fiber network. Moreover, the localization ( Figure 7 ) and phosphorylation (Figure 8 ) of mutant paxillin S250T suggest that this phosphorylation event is not required for FA targeting and initial signaling events.
Our previous results show that SLK is activated in a FAK/c-srcdependent manner following scratch wounding of confluent monolayers. 16 Conversely, in the absence of activated SLK, fibroblasts have been shown to exhibit a delay in migration. 16, 18 Interestingly, expression of the paxillin S250T mutation in fibroblast mirrors this migration defect, suggesting that SLK regulates migration through the phosphorylation of paxillin at S250.
Following FAK autophosphorylation, an association between FAK and paxillin is required for FAK to become fully activated and induce adhesion turnover. [25] [26] [27] In the absence of this association, FAK exhibits altered Src-mediated phosphorylation at Y576 and Y577, which prevents the subsequent phosphorylation of Y925, a FA disassembly signal. Accordingly, our results show that the expression of PxnS250T impairs the phosphorylation status of FAK-Y925 resulting in more persistent adhesions in these transfected cells. Furthermore, nocodazole wash-out results in serine 250 phosphorylation followed by FAK-Y925 phosphorylation, suggesting that SLK-mediated phosphorylation of paxillin may be required for FAK-dependent adhesion turnover as previously reported. [25] [26] [27] We propose that the phosphorylation of paxillin by SLK in the vicinity of adhesion complexes induces its recruitment to the FAK complex. This interaction, in turn, stimulates further intracellular signaling and FAK-mediated adhesion turnover. Overall, our data suggest that SLK regulates FAK-mediated adhesion turnover through the phosphorylation of paxillin at S250, which is required for further signaling.
MATERIALS AND METHODS
Purified recombinant GST-fusion protein preparations
Low-density cultures of GST-tagged fusion protein were grown from bacterial stocks in 3 ml of Luria-Bertani broth containing 50 mg/ml ampicillin in a 37-1C shaker. Cultures were induced for 2 h with 1 mM isopropyl-beta-Dthiogalactopyranoside (Sigma, Oakville, Ontario, Canada). Following induction, bacteria were collected and lysed in RIPA buffer containing inhibitors (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40, 2 mM DTT, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 10 mg/ml aprotinin, 1 mM phenylmethylsulphonylfluoride and 100 mM benzamidine). Protein lysates were cleared by centrifugation (10 min at 14 000 g) and transferred to glutathione sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ, USA) for 30 min at room temperature. Beads were recovered by pulse centrifugation at maximum speed and washed 4 Â in NETN (20 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl and 0.5% Noniodet P-40) buffer before being used in other assays.
Immunoprecipitation and in vitro kinase assays
For immunoprecipitation, 200-400 mg of protein lysate was used in combination with 2 mg of SLK antibody in the presence of 20 ml of protein A sepharose beads (GE Healthcare) and inverted for 2 h at 4 1C. Immune complexes were collected by pulse centrifugation at maximum speed and washed four times in NETN buffer (20 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl and 0.5% Noniodet P-40).
In vitro kinase assays were performed as previously described 16 on SLK immunoprecipitations obtained from scratch-wounded cell lysates. In the case of the in vitro kinase assays where purified recombinant GST protein is added, the recombinant protein on glutathione beads was combined with the immunoprecipitated SLK on protein A sepharose before the first wash in NETN buffer. The kinase reaction was stopped by the addition of 4 Â SDS sample buffer and resolved using 10-12% SDS-PAGE. Gels were either stained with coomassie brilliant blue and dried or transferred to polyvinylidene difluoride before exposure to X-ray film at À 80 1C for autoradiography. Transferred membranes were then subjected to western blot analysis to normalize for SLK levels.
Phosphoamino acid analysis
Amino-acid hydrolysis of [ 32 P]-labeled phosphorylated protein was achieved by excising labeled proteins from polyvinylidene difluoride membranes post kinase assay and incubation at 100 1C in 6 M HCl for 1 h. Samples were then lyophilized before phosphoamino acid standards were added (1 mg/ml). Phosphoamino acids were separated using twodimensional thin layer electrophoresis as described. 35 Phosphoamino acids were then detected using ninhydrin staining and autoradiography.
Antibodies and reagents
Paxillin, FAK and phospho-FAK-Y397 were purchased from BD transduction laboratories and used at dilutions ranging from 1:1000 to 1:5000 (Mississauga, Ontario, Canada). Other antibodies used in these studies were g-tubulin (Sigma-Aldrich, Oakville, Ontario, Canada), Myc (SigmaAldrich; 9E10 mouse ascites), HA (Sigma-Aldrich; 12CA5 mouse ascites), GFP (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 4,6-diamidino-2-phenylindole (nucleic acid stain; Invitrogen, Carlsbad, CA, USA). Anti-SLK Figure 7 . Paxillin S250 phosphorylation is required for adhesion turnover. (a) GFP-fusion-transfected MEF3T3 cells were subjected to live imaging using phase contrast and fluorescent (488 nm) microscopy on fibronectin-coated plates. Images are shown at intervals of 0 and 9 min. Arrowheads denote stable adhesions in GFP-paxillin S250T or adhesions that are turning over in GFP-paxillin cells. (b) The FA-disassociation constant (Kdiss) were calculated as described in Storbeck et al. 36 Statistical analyses were conducted relative to the paxillin S250T mutant (***Po0.005). Scale bar ¼ 20 mm.
and phospho-paxillinS250 antibodies were custom made by Dr Toshi Myazaki (Medical & Biological Laboratories, Co., Ltd., Nagoya, Japan).
Cell culture, plasmids and transient transfections/infections
Paxillin cDNA encoding full-length human paxillin4 (accession no. U14588) was kindly provided by Dr Victor Small (Vienna, Austria). The human paxillin-4-coding region was amplified by PCR with complimentary oligonucleotides containing a 5 0 BglII and a 3 0 EcoRI restriction site. The PCR products were subcloned into BamHI/EcoRI-digested pGex (Promega, Madison, WI, USA), pCAN-HA, pCAN-Myc and GFP vectors (Clontech, Mountain View, CA, USA). Point mutations were made according to the protocol from Stratagene's (Agilent, Santa Clara, CA, USA) 'QuikChange XL Site-Directed Mutagenesis Kit' using GST-tagged or Myc-tagged paxillin cDNA as the template.
Transient transfections in HEK293 cells were performed with 5 mg of plasmid DNA per 10-cm plate of cells using Lipofectamine/Plus transfection reagents as per the manufacturer's instructions (Invitrogen). Adenovirus infections of MEF-3T3 were performed at a multiplicity of infection of 10. Infections in 10-cm plates were carried out in serum-free Dulbecco's modified Eagle medium (DMEM) for 1.5 h at 37 1C and 5% CO 2 . Plates were then topped up to 10 ml with DMEM with 10% fetal bovine serum and left at 37 1C and 5% CO 2 for 48 h before being collected and used in subsequent experiments.
For microtubule-dependent adhesion turnover assays, subconfluent MEF-3T3 were serum-starved overnight before being treated with 10 mM nocodazole for 3 h. The cultures were then washed three times in tissue culture grade phosphate-buffered saline (PBS) and refed with 10% DMEM for the duration of the time course. Cells were collected at various time points and surveyed for pFAK-Y925, pFAK-Y397 and pPxnS250 immunoreactivity by western blotting or immunostained for pFAK-Y397 and tubulin.
Migration assays
For transwell Boyden chamber migration assays, cells were seeded at a density of 5 Â 10 4 cells per transwell (Fisher, Ottawa, Ontario, Canada) migration chamber in 10% fetal bovine serum DMEM. Migration chambers were precoated with 10 mg/ml fibronectin for 1 h before plating. Cells were allowed to migrate for 6 h. Cells remaining on the upper side of the filter were removed, and cells that migrated through to the underside of the filter were fixed in 4% paraformaldehyde and stained with 0.5 mg/ml 4,6-diamidino-2-phenylindole (Sigma). The 4,6-diamidino-2-phenylindolestained nuclei were visualized using fluorescent microscopy and counted from four random fields of view using a Zeiss Axiocam digital camera (Zeiss, Toronto, Ontario, Canada). For each cell line, three independent experiments were performed in triplicate.
Wound-healing experiments were also conducted using stable cell lines. Cells were seeded at a density of 3 Â 10 5 cells per well in a 24-well, fibronectin-coated plate and grown to confluency. Artificial wounds were introduced in the confluent monolayer using a micropipette tip. The wounds were visualized using phase contrast microscopy and photographed using a Zeiss Axiocam digital camera. For each wound, five predetermined and independent points were photographed at 0 and 10 h to measure the distance between converging wound fronts. Measurements made using ImageJ software were averaged among four independent experiments to calculate the percent wound closure.
Westen blotting and immunofluorescence
For western blotting, cells were washed once in cold PBS and lysed in RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and 1% NP-40. Equal amounts of protein (20-40 mg) were resolved on 10-12% acrylamide gel then transferred to polyvinylidene difluoride membrane. Membranes were blocked and probed with the indicated antibodies in the presence of 5% bovine serum albumin or milk powder at 4 1C in 1Â TBST (50 mM Tris pH 7.4, 150 mM NaCl and 0.1% Tween 20) . Proteins were visualized following the addition of horseradish peroxidase-coupled secondary antibody, chemiluminescence (PerkinElmer, Waltham, MA, USA) and exposure to X-ray film. In all cases, the figures show one representative of three independent experiments.
For immunofluorescence, cells were plated onto fibronectin-coated (10 mg/ml) coverslips and incubated overnight at 37 1C before being fixed with 4% paraformaldehyde. Following permeablization (0.3% Triton X-100 in 1 Â modified PBS:StoPBS, 4 mM Na 2 HPO 4 , 2 mM NaH 2 PO 4 , 140 mM NaCl and 3 mM KCl), cells were washed and incubated with primary antibodies at room temperature for 1 h or overnight at 4 1C. Primary antibodies were detected using anti-mouse and/or anti-goat secondaries conjugated to either fluorescein isothiocyanate (Alexa Fluor 488; Invitrogen) or tetramethyl rhodamine isothiocyanate (Alexa Fluor 594; Invitrogen). Slides were visualized with a Zeiss LSM5 laser-scanning confocal microscope and photographed using LSM5 Pascal software (Zeiss) and a Sony Corporation (Sony, Toronto, Ontario, Canada) HB050 digital camera.
GFP sorting and live imaging microscopy MEF-3T3 was transfected with GFP fusion proteins and 1-2 Â 10 7 cells were collected the next day and sorted for GFP content. Live cell imaging was performed on 1-5 Â 10 4 GFP-positive cells that were plated onto fibronectincoated dishes and allowed to spread for 12 h at 37 1C and 5% CO 2 before imaging. Throughout the imaging process, cells were maintained at 37 1C and 5% CO 2 using a heated stage and gas hook-up. Fluorescent images were captured at a frequency of one image per minute for 10 min at 488 nm using a Zeiss Colibri LED microscope and AxioVision software (Zeiss). The area of at least 20 FAs per cell type was measured over time using ImageJ software. Dissociation constants were then calculated as previously described. 5, 36 Briefly, the ratio of the area of the FA as observed from the GFP fluorescence at T ¼ 0 and T ¼ X was determined. Plotting of the natural log of this quotient (ln[I 0 /I t ]) over time and subsequent calculation of the slope was used to obtain the value for Kdiss (per minute). Means of the Kdiss and s.e. of the means of 420 adhesions were calculated.
